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Vibrational modes in plasma crystals due to nonlinear temperature distribution
in gas discharge plasmas
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It is shown that a nonlinear temperature distribution in gas discharge plasma leads to a specific low-
frequency mode of a quasi-two-dimensional plasma crystal. Linear dispersion characteristics of the mode are
obtained. The characteristics of the mode can depend strongly on the temperature gradients and therefore can
be effectively controlled by the experimental conditions.
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Since the prediction of possibility of formation of Cou- direction parallel to the electrodes this point corresponds to
lomb lattices involving highly charged dust microparticles the local maximum and, thus, the center of chamber exhibits
[1], interest in theoretical and experimental studies of thes¢he saddle point in the three-dimensional temperature distri-
strongly coupled structures has grown tremendo(iglg].  bution[24].

The plasma crystal formation is usually observed in the Here, we investigate the particle vibrational modes in the
sheath region where there is a balance between the gravitpresence of the nonlinear temperature profile. We show that
tional and electrostatic forcd2—7]. This results in a few the nonlinear temperature distribution of the neutral gas re-
horizontal particle layers levitating above the negativelysults in the specific mode of vertical oscillations of dust
charged electrode. Such plasma crystal structures can suppgrains, which can be stable or unstable depending on the
longitudinal and transverse vibrational modes, which are exeurvature of the temperature profile at the levitation latitudes,
tensively studied in past yeaf4—15. Note that properties thus, providing a tool for control of complex plasma crystal
of these modes strongly depend on the ambient plasma coexperiments and determination of the experimental param-
ditions because of the open character of complex plasmaters.

systemq 14,16). Consider the standard model of a one-dimensional hori-

There are recent experimental observations of the formazontal chain[9,12], where particulates have the char@e
tion of complex plasma structures suspended in a gas disnassM, and are separated by the same distahcsee Fig.
charge plasma by thermophore$is7,18. Contrary to the 2. The electrostatic potential of each particle is assumed to
particle levitation in the sheath electric field where strongbe the screened Debye-tkel potential
inhomogeneities of the plasma and ion flows take place lead-
ing to specific collective effects such as generation of the Q r
wake fields[19-21], the thermoforetic force can lift up the r Ao/’
microparticles outside the sheath region into the central part
of the discharge chamber. This has opened new opportunitieghere A is the screening length of a plasma. Usually the
for the detailed observations of the particle behavior at thevarticle separation in dust-plasma crystalsexceeds the
kinetic level in the plasma bulk and in particular investigatescreening lengthhp, viz. A/A\p~1.5-2.5, so that we take
a void structurg17,22,23. However, considering dynamics only the nearest neighbor particle interactions into account.
of the charged particulates in a gas discharging plasma, it The total force acting on a dust particle in a vertical di-
was tacitly agreed that the temperature is a linear function ofection is in general a combination of three forces: gravita-
the electrode distance. At the same time, recent modeling dfonal forceMg, the electrostatic forcé .= QE(z), and the
the heat flow processes in gas discharge plasmas in a consthermoforetic forcd-, the latter arising due to the tempera-
tent way exhibits a nonlinear distribution of the gas temperature gradient of a neutral ga&T,,. The forceFt acting on a
ture as a function of the distance between electrg@d$ spherical particle in a monoatomic gas at a low pressure,
Such profile demonstrates a strong dependence on thehere the mean free path is much larger than the particle
boundary conditions, but always reveals local maxima nearadius, is given by 18,25
the electrodes and a minimum in a chamber center, as
sketched on Fig. 1. Note that, in general, the minimum in the
center of the chamber appears only in thdirection; in the

@

a2
Fr=-333%—VT,. 2)

Here,a is the particulate radius is the Boltzmann constant,
*Permanent address: Institute of Radio Astronomy of the Nationaiind o denotes the gas kinetic cross section for the atomic
Academy of Science of Ukraine, Chervonopraporna 4,scattering, which for noble gases 4s(15-67)x 10 2% m?
Kharkov 310002, Ukraine. [26]. Furthermore, since for vertical vibrations in the labora-
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FIG. 1. Typical temperature distribution inside the chamber. i o
° :
tory plasmas the vertical temperature gradients are the most ; "."'2
important[17,18, we assum& T,— dT,/dz. F.=Mg
The balance of these forces in the linear approximation ' g
with respect to small perturbatiod& <A of the equilibrium
at z=0 gives the equation for vertical oscillations Electrode
2 2 FIG. 2. The one-dimensional chain and vertical oscillations of
doz, = Q—ex;{ _A 1+ A particles.
dt? MA3 Ap Ap

Note that this frequency does not depend on particle charges

F aT . .
X (282~ 62,1~ 624 1) — Qg+ Ve _Aa_zn’ ?a?[gr;agoi?jistlilgnt;e controlled externally by changing the labo-
3) Although, in general, the particles oscillate in the vertical
as well as in the horizontal directions, in the linear approxi-
where the factoA is defined by mation the longitudinal and transverse motions are decou-

, pled. Assuming thatz, varies as~exp(—iwt+iknA), Eq.

A=3.33Ka— 7 (3) gives the dispersion relation
oM
2 2
and &z, is the vertical displacement of theh particle. The  p2=A J T”) —4 Q ex;< — A x| 1+ A)sinzﬁ.
equilibrium balance of the main forces in E(B) yields 9z =0 MA3 Ao Mo 2
gM=QE(0)—A(dT,/9z),-q, so that the last three terms in (8
Eq. (3) are expanded at the particle equilibrium to ordey
as well, If (0°T,/92%),-0>0, then Eq.(8) is similar to the disper-
sion dependence for vertical vibrations in the sheath region
—g+ iF _A‘?_Tn: — Béz,. (5) [12]: the mode is characterized by an optical-mode-like in-
M€ Jz " verse dispersiorithe maximum frequency is achieved lkat

=0 and then the frequency decreases with the growing wave
To find an expression foB, we have to make some fur- numberk). In another limiting case, when the force balance
ther assumptions regarding the main forces involved in Edgccurs in the region wherestT,/dz%),_,<O0, the vertical
(5). For the case, when thermal gradients in a dischargghode is always unstable. Thus, we expect that stable vertical
plasma are small and the electric force due to the sheatfiprations are most likely to occur only in the central region
electric field dominates over the thermoforetic foré&  of the discharge plasma chamber whe#@T(,/9z2),_,>0.

>Fr, the last term in the left-hand side of E@) can be To obtain a numerical estimate of the frequetizy, we
neglected and we recover the well-known frequency of the:onsider typical plasma parameters of laboratory experi-
vertical oscillations in the sheath regipt?] ments on application a temperature gradient for gravity com-
pensation17,18. Measurements were done in a rf-excited
BHQZ:_EWE(Z)) 6) plasma for melamine resin particlédensity 1510 kg/rf)
E M\ 9z 0' with a radiusa=1.7 um. Taking the gas kinetic cross sec-

tion for argon aso=42x10"°m? [26], we have A
The situation is different when the thermal gradients become= 102 kg n?/s?K. Hence, we need only to specify a value
significant and the force balance is achieved mainly due t®f 9°T,/dz* to calculate the frequency of vertical oscilla-
the thermoforetic forcé>F,. Then the frequency of the tions (7). However, up to now the temperature profiles in
vertical vibrations is mainly determined by the nonlinearcomplex plasma experiments have not been studied enough
temperature distribution between the electrodes, and is giveand there are no direct measurementsTq{z). Even a

by model presentation of the temperature distribution is strongly
dependent on the wall conditiofg4]. A rough estimate of
92T, (0°T,19z%),—o can be obtained using an inequality
B—0i=A| — (7 (8°T,1022),-oA<(dT,1d2),—o. With A~100um and
2/ =0 dT,/dz~10® K/m (the particle equilibrium was reached due
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to an averaged temperature gradient of 1170 Kim,1§),
this implies ¢?T,/9z%),-o~10°—10° K/m? and thenQ

~30-100 §*. Thus, we expect that the vertical modes aris-
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temperature gradients can be effectively controlled by the
change of experimental conditions. Thus, thermal properties
of complex plasma crystals qualitatively differ from those of

ing due to the thermoforetic force can be_characterized by theolid state ionic crystals; indeed, they appear to be related
frequency of the same order as the vibrations due to thenore to the corresponding plasma and neutral gas state than

sheath electric field forc€ g, which are successfully used
for complex plasma diagnosti¢&7].

to the particle excitations. This opens new possibilities for
investigation of particle behavior at the kinetic level as well

lations of a one-dimensional chain of dust grains supportedydies of self-organized structur@sg., void$ appearing in
by thermoforetic force give rise to a specific low-frequencyine experiments, including those under microgravity condi-
mode which is characterized by inverse optic-mode-like distjgns.

persion when the wavelength far exceeds the intergrain dis-
tance. These oscillations can provide a tool for determining V.V.Y. thanks the Alexander von Humboldt Foundation

the temperature profilde.g., using particles of different
sizes, levitated at different altitudesThe characteristics of

for financial support. The work of S.V.V. is partially sup-
ported by the Max Planck Societsermany and the Aus-

the mode in the regime when they are determined by théralian Research Council.
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